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ABSTRACT: Estradiol plus progesterone (EP) im-
plants have been shown to favorably alter the time
course or decrease the severity of many of the clinical
manifestations associated with coccidiosis and endotox-
emia in calves. This study evaluated the effect of EP
treatment on plasma tumor necrosis factor-α (TNF),
thromboxane (TXB), prostacyclin (PRC), nitrite and ni-
trate (NO[x]), and cortisol. Holstein steer calves were
divided into four groups: control, EP, endotoxin (LPS),
and EP+LPS (n = five/group). Estradiol/progesterone
pellets (Synovex-S) were implanted subcutaneously
when calves reached 20 wk of age. One week after im-
plantation, calves were injected IV with endotoxin (i.e.,
lipopolysaccharide; LPS, 0.6 �g/kg of BW) or nonpyro-
genic saline placebo. Body temperature was measured
and blood was collected before injection and at 1, 2, 3,
4, 6, and 8 h thereafter. Plasma concentrations of TNF,
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Introduction

Diseases produce a gradient of catabolic processes in
animals, which are characterized by poor growth of
young infected animals, reduced appetite (McMahon et
al., 1999), and a series of metabolic perturbations that
may persist beyond the point where clinical signs have
resolved (Elsasser et al., 2000b). Anabolic agents have
been studied as a means of assisting animals and hu-
mans through catabolic disease with variable success
(Zeigler et al., 1994; Sartin et al., 2000). For example,
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cortisol, TXB, PRC, NO[x], were measured. Body tem-
perature increased in both LPS and LPS-EP calves, but
had returned to normal by 6 h in the LPS-EP group (P
< 0.05). Plasma TNF and cortisol increased after LPS
(P < 0.01), but were not differentially affected by EP
treatment. Likewise, EP did not affect the magnitude
of increase in LPS-induced PRC, but EP decreased the
magnitude of increase in TXB (P < 0.05). Plasma NO[x]]
levels were increased (P < 0.01) in calves after LPS;
treatment with EP attenuated the LPS-associated in-
crease in plasma NO[x] levels. These results suggest
that EP exerts specific effects on different components
of the proinflammatory cytokine cascade. Although the
initiation of responses mediated by TNF, cortisol, and
PRC do not seem to be differentially affected by EP,
components of the nitric oxide- and TXB-axis responses
to LPS are decreased in calves pretreated with EP.

GH treatment of calves resulted in a beneficial impact
on the response to endotoxin (Elsasser et al., 1994;
1997b). Conversely, in models of cachectic wasting,
there were reductions in BW that persisted in spite of
treatment with GH (Elsasser et al., 1997a; 1998; Sartin
et al., 1998).

Recent studies (Heath et al., 1997; McMahon et al.,
1998) utilizing an estradiol and progesterone (EP) prep-
aration with known anabolic effects in cattle (Rumsey
et al., 1992) have demonstrated improvement in an
animal’s recovery from a disease process. Calves
treated with EP and infected with Eimeria bovis had
fewer days of fever and diarrhea and recovered food
intake more quickly. Moreover, infected calves that
were EP treated had a positive weight gain during the
infection (Heath et al., 1997). There were also improve-
ments in responses of EP-treated calves injected with
Escherichia coli endotoxin or lipopolysaccharide (LPS)
(McMahon et al., 1998), which include effects on plasma
IGF-I concentrations and appetite.
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At present, the mechanism underlying these protec-
tive effects of EP in cattle is unknown. The endotoxin
model was selected based on a previous experiment
(McMahon et al., 1998) and because there is a wavelike
pattern of release of cytokines, prostaglandins, neuro-
hormones, glucocorticoids, and nitric oxide that will
allow study of specific sites for the mechanism of action
of EP. Therefore, this study was designed to determine
where in this cascade EP treatment might act to im-
prove an animal’s response to LPS.

Materials and Methods

This study was reviewed and approved by the Auburn
University Institutional Animal Care and Use Commit-
tee. Castrated male Holstein calves (mean BW = 147
kg) were obtained from the Auburn University dairy
and maintained from approximately 20 wk of age in
the experimental facility with controlled temperature
and photoperiod (12 h of light). All calves were fed daily
a concentrate feed (14% CP) at 4% of BW. Hay and
water were provided ad libitum. Seven days before the
administration of test challenges with endotoxin, calves
were fitted with EP ear implants (Synovex S, courtesy
of F. Prouty, Ft. Dodge Animal Health, Overland Park,
KS), containing a slow-release formulation of 20 mg of
17 β-estradiol benzoate and 200 mg of progesterone.
The calves were divided into four groups in a 2 × 2
factorial arrangement: control, EP, endotoxin, EP + en-
dotoxin (n = five calves per group). The day before an
experiment, heparin-filled cannulas were placed into an
external jugular vein. The following morning, cannulas
were opened, heparin was removed, and cannulas were
flushed with saline; calves were allowed to stand undis-
turbed for 1 h. A 10-mL baseline blood sample was
collected, followed by the intravenous injection of 0.6
�g/kg of BW of E. coli endotoxin (055 B5; Sigma Chemi-
cal Company, St. Louis, MO). This dose was determined
for this batch of endotoxin based on a consistent fever
response and plasma tumor necrosis factor-α (TNF-α)
response to several doses of LPS. Subsequent blood
samples were collected at 1, 2, 3, 4, 6, and 8 h after
endotoxin challenge. Blood was centrifuged, and the
plasma was aliquoted to vials and stored at −20°C un-
til assay.

Plasma was assayed for TNF-α (Kenison et al., 1991),
cortisol (Thompson et al., 1995; McMahon et al., 1998),
and prostacyclin (PRC; Shafer and Malik, 1982) using
previously validated radioimmunoassays. The intraas-
say coefficients of variation were 8.4% for TNF-α, 4.7%
for cortisol, and 8.8% for PRC. Thromboxane-B2 (TXB)
was assayed using a commercial ELISA kit (Oxford
Biomedical Research Inc., Oxford, MI). The TXB ana-
lyte was extracted from plasma (1 mL) into a superna-
tant by adding 0.2 mL of methanol and then vortexing
and centrifuging the sample. The supernatant was ap-
plied to a 400-mg Sep Pak C18 column (Waters Corp.,
Milford, MA) preconditioned with sequential washes
with chloroform and methanol. The column was washed

with 2 mL of 15% methanol followed by 2 mL of petro-
leum ether. The TXB was eluted with 2 mL of methyl
formate that was evaporated under a stream of nitrogen
gas. Samples were frozen until assayed using the kit
instructions. Increasing volume equivalents of bovine
plasma extracts displaced tracer parallel to that of the
standard curve; extraction efficiency was determined
to be >90% for three samples representing different
concentration points (0.01, 0.04, 0.2 ng/mL) on the stan-
dard curve. The intraassay CV was 6.4% and the assay
sensitivity was 0.004 ng/mL.

The effects of endotoxin and EP on nitric oxide pro-
duction were assessed and inferred (Hibbs et al., 1992;
Santak et al., 1997) in terms of changes in plasma ni-
trate levels after subjecting plasma samples to a treat-
ment with bacterial nitrate reductase to form stoichio-
metric concentrations of nitrite, which is the NO(x) form
measured in the Griess reaction, as previously de-
scribed and validated for bovine plasma (Kahl et al.,
1997). Data on the nitric oxide response to endotoxin
challenge were assessed in terms of the NO(x) response
above baseline with an individual animal’s plasma con-
centration responses at each time point summated to
a single indexed variable calculated as the area under
the concentration × time curve. The response area un-
der the curve (AUC) for the NO(x) plasma response was
calculated between 0 and 8 h of blood sampling after
endotoxin challenge with baseline concentration area
(at time 0 h) was subtracted. In addition, body tempera-
ture was recorded as rectal temperature using an elec-
tronic digital thermometer at 0, 1, 2, 4, 6, and 8 h.

Data were analyzed using GLM procedures for re-
peated measures of SAS version 8 (SAS Inst., Inc., Cary,
NC). Plasma concentrations of NO(x), cortisol, PRC, and
TNF-α were tested for effects of treatment (endotoxin
or saline), implant, time, and interactions. For effects
of treatment, animal within treatment × implant was
used as the error term. The AUC was calculated for
TXB using the trapezoidal method. The AUC for TXB
was tested for effects of treatment, implant, and inter-
actions. For significant effects (P < 0.05), means separa-
tion procedures were performed using preplanned com-
parisons and the least squares means option and differ-
ences option (PDIFF) of SAS.

Results

There was a significant effect of time (P < 0.0001) and
endotoxin treatment (P < 0.001) on body temperature
(Figure 1). There was also a significant implant × endo-
toxin treatment interaction (P < 0.0002) and a time ×
implant × endotoxin interaction (P < 0.0001), where EP/
endotoxin-treated calves returned to normal tempera-
ture more quickly than endotoxin-treated calves.

Endotoxin-stimulated increases in plasma TNF-α
concentrations (P < 0.01) that peaked in the blood-sam-
pling scheme at 1 h remained elevated through 3 h (P
< 0.008) and returned to baseline by 4 h after endotoxin
injection (Figure 2). There were no differences in TNF-
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Figure 1. Effects of an estradiol + progesterone (EP)
implant on mean rectal temperature in calves following
challenge with intravenous endotoxin (0.6 �g/kg of BW,
Escherichia coli 055-B5). Data are mean ± SEM, n = five
calves/group. There was a significant effect of time (P
< 0.0001) and endotoxin treatment (P = 0.001) on body
temperature. There was also a significant implant × endo-
toxin treatment interaction (P = 0.0002) and time × implant
× endotoxin interaction (P < 0.0001). The horizontal line
indicates the point for a fever (39.4°C). The asterisk indi-
cates differences between endotoxin- and EP/endotoxin-
treated calves, P < 0.009.

α mean concentrations between endotoxin- and EP/en-
dotoxin-treated calves at measurement time points.
Cortisol (P < 0.0001) and PRC (P < 0.005) concentrations
likewise were increased following endotoxin adminis-
tration, but there was no effect of EP to modify the
endotoxin effect on either of these marker hormones
(Figure 2). Whereas plasma PRC had returned to base-
line by 3 h after endotoxin, cortisol concentrations in
endotoxin- and EP/endotoxin-treated calves had not re-
turned to baseline by 8 h (P < 0.001) after endotoxin.
Plasma TBX concentrations (Figure 3) were also ele-
vated by endotoxin (P < 0.001) with EP pretreatment
associated with a measured attenuation in the endo-
toxin-induced concentration of TBX in plasma (P <
0.008). Levels of NO(x) (Figure 4) increased following
endotoxin injection (P < 0.01), with a significant differ-
entiation relative to time 0 beginning at 4 h and per-
sisting beyond the 8-h sampling interval. There was no
significant increase in mean plasma NO(x) concentra-
tions in calves treated with EP + endotoxin.

Discussion

Initial studies with EP and endotoxin examined met-
abolic regulation as a site for EP action to improve
endotoxin responses in calves. There was a 60% reduc-
tion in 24-h food intake in endotoxin-treated calves,
whereas calves first treated with EP had a 30% reduc-
tion in food intake (McMahon et al., 1998). There was

Figure 2. Mean plasma concentrations of prostacyclin,
cortisol, and tumor necrosis factor-α (TNF) in calves fol-
lowing intravenous challenge with endotoxin (0.6 �g/kg
of BW, Escherichia coli 055-B5). Data are mean ± SEM, n =
five calves/group. Arrows indicate the time of treatment
(saline or endotoxin). For each variable, the mean concen-
tration changes of animals receiving endotoxin (endo-
toxin, estradiol + progesterone [EP]/endotoxin) were sig-
nificant (prostacyclin, P < 0.005; cortisol, P < 0.0001; TNF,
P < 0.01) compared with those receiving only saline (con-
trol, EP).
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Figure 3. Thromboxane responses to intravenous endo-
toxin (0.6 �g/kg of BW, Escherichia coli 055-B5) challenge
in calves receiving saline without endotoxin (C), an estra-
diol + progesterone implant without endotoxin (E/P),
endotoxin only (LPS), and endotoxin and an implant (EP/
LPS). Data are mean ± SEM, n = five calves/group. The
upper panel represents actual values. The lower panel
represents means of the area-under-curve (AUC) re-
sponses.

also less of a catabolic effect in EP-treated calves, as
evidenced by the attenuation in the elevation in blood
urea nitrogen following the endotoxin injection (McMa-
hon et al., 1998). Interestingly, free fatty acids and
glucose were more elevated after endotoxin injection in
EP-treated calves, and there was a greater evidence for
insulin resistance in EP-treated calves than in calves
not given EP. This latter effect may provide energy for
noninsulin-dependent tissues, such as the brain and
cells of the immune system. Interestingly, plasma IGF-
I concentrations were recovered more quickly in the
endotoxin animals also receiving EP (McMahon et al.,
1998). However, whereas these results provide interest-
ing explanations for some of the physiological changes,
they do not point to a cellular mechanism for EP actions
in this catabolic model.

Figure 4. Nitric oxide production responses to intrave-
nous endotoxin (0.6 �g/kg of BW, Escherichia coli 055-B5)
challenge in calves receiving saline without endotoxin
(C), an estradiol + progesterone implant without endo-
toxin (E/P), endotoxin only (LPS), and endotoxin and an
implant (EP/LPS). Data are mean ± SEM, n = five calves/
group. Values in the upper panel represent change from
control (%). In the lower panel, values represent means
of the area-under-curve (AUC) plasma nitrate concentra-
tion responses.

A protective effect for GH, similar to EP, has been
described in cattle exposed to lower doses of endotoxin
(0.2 vs. 0.6 mg/kg of BW; Elsasser et al., 1994). There-
fore, comparison of a probable mechanism for the posi-
tive effects of GH in cattle to those of EP may provide
clues to the mechanism of action of EP. Examination
of the effects of GH in cattle administered endotoxin
indicates that GH reduced cortisol production and re-
lease, reduced TNF production and release, and re-
duced the generation of thromboxane B2 production.
Comparison of the data of Elsasser et al. (1994) in cattle
to these data with EP suggests differences in the effects
of EP and GH. Indeed, the only point of similarity is
the ability of EP to reduce the plasma concentrations
of thromboxane B2. If this effect were a nonspecific effect
of anabolic hormones, GH and EP administration would
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be expected to produce the same response profile in an
animal. Therefore we conclude that the actions of these
two hormonal strategies operate on distinct mecha-
nisms not dependent solely on anabolic effects in the
animal.

Endotoxin will increase plasma TXB levels in rumi-
nants (Demling et al., 1981). Thromboxane B2 is a stable
endproduct of the metabolism of thromboxane A2, which
promotes vasoconstriction and platelet aggregation. An
imbalance in the ratio of TXB:PRC (a vasodilator that
decreases platelet aggregation) can produce thrombus
formation in the coronary and cerebral vessels (Cotran
et al., 1999). In addition, the primary cause of pulmo-
nary hypertension, in septic shock, is associated with
pathological imbalance in the steady-state production
of these vasohormones (Demling et al., 1986). In the
present experiment, EP reduced the effects of endotoxin
to increase TXB, whereas EP had no effect on PRC.
This could provide some measure of protection for the
animals against severe vasoconstriction, thrombus for-
mation, and other compromises, such as increased vas-
cular permeability. However, the small effects seen in
this study are unlikely to account for the types of effects
observed in either the E. bovis infection model or the
transient endotoxin injection model. Interestingly, a
more robust attenuation in TXB concentration re-
sponses was observed by Elsasser et al. (1994) in GH
+ endotoxin-treated cattle, although the GH treatment
decreased the PRC response as well.

Excess NO generation in animals has been demon-
strated to link endotoxemia to adaptive responses of
the cell, as well as more severe disruptions in cellular
function and even apoptosis (Gross and Wolin, 1995;
Le et al., 1995; Adams et al., 1996). Indeed, excess NO
generation may be responsible for many of the deleteri-
ous changes observed with endotoxemia in cattle (El-
sasser et al., 1994; 2000a; Kahl et al., 1996). Therefore,
an ability to reduce the generation of NO in cattle could
produce favorable effects on the outcome of a disease
process. The current data demonstrate an action of EP
to reduce the effects of endotoxemia on nitrate/nitrite
accumulation in plasma. Since nitrate and nitrite are
the stable end products of NO metabolism, these results
suggest that EP reduces NO production in cattle. This
is consistent with our knowledge of EP actions in physi-
ological control systems. For example, E and P can inde-
pendently block NO production in lymphocytes in ro-
dent models (McCruden and Stimson, 1994; Miller et
al., 1996). In addition, NO production in the hypothala-
mus associated with GnRH regulation is also inhibited
by E (Ceccatelli et al., 1996). This inhibition is thought
to be due to a reduction in activity of the inducible NO
synthase. The ability of EP to block NO production
would provide an explanation for the major effects of EP
to protect against the effects of endotoxemia in cattle.

Implications

Estradiol plus progesterone treatments aid animals
in body weight maintenance in the presence of infec-

tions by Eimeria bovis and protect against the adaptive
responses of the animal to coccidiosis and endotoxemia.
However, additional research on specific and separate
effects of estrogen and progesterone still warrant inves-
tigation. Results indicate a possible mechanism for es-
tradiol plus progesterone actions that might be ex-
ploited as a means of preventing reductions in animal
productivity associated with some parasitic and bacte-
rial infections.

Literature Cited

Adams, H. R. 1996. Physiologic, pathophysiologic, and therapeutic
implications for endogenous nitric oxide. J. Amer. Vet. Med.
Assoc. 209:1297–1302.

Ceccatelli, S., L. Grandison, R. E. Scott, D. W. Pfaff, and L. M. Kow.
1996. Estradiol regulation of nitric oxide synthase mRNAs in
rat hypothalamus. Neuroendocrinology 64:357–363.

Cotran, R., S. Kumar, and V. Collins. 1999. Pathologic Basis of Dis-
ease. 6th ed. W. B. Saunders Co., Philadelphia, PA.

Demling, R. H., C. C. Lalonde, L. J. Jin, J. Albes, and N. Fiori. 1986.
The pulmonary and systemic response to recurrent endotoxemia
in the adult sheep. Surgery 100:876–883.

Demling, R. H., M. Smith, R. Gunther, J. T. Flynn, and M. H. Gee.
1981. Pulmonary injury and prostaglandin production during
endotoxemia in conscious sheep. Am. J. Physiol. 240:348–353.

Elsasser, T. H., R. Fayer, T. S. Rumsey, and G. Hartnell. 1994. Bovine
somatotropin (bST) administration blunts the plasma tumor ne-
crosis factor, cortisol and thromboxane response to endotoxin
and decreases TNF binding to hepatic membranes. Endocrinol-
ogy 134:1082–1088.

Elsasser, T. H., S. Kahl, T. S. Rumsey, and J. W. Blum. 2000a.
Modulation of growth performance in disease: Reactive nitrogen
compounds and their impact on cell proteins. Domest. Anim.
Endocrinol. 19:75–84.

Elsasser, T. H., S. Kahl, N. C. Steele, and T. Rumsey.1997a. Nutri-
tional modulation of somatotropic axis-cytokine relationships in
cattle: A brief review. Comp. Biochem. Physiol. 116:209–221.

Elsasser, T. H., K. C. Klasing, N. Filipov, and F. Thompson. 2000b.
The metabolic consequences of stress. Pages 77–110 in The Biol-
ogy of Animal Stress. G. Moberg and J. Mench, ed. CABI Publish-
ing, NY.

Elsasser, T. H., M. Richards, R. Collier, and G. F. Hartnell. 1997b.
Physiological responses to repeated endotoxin challenge are se-
lectively affected by recombinant bovine somatotropin adminis-
tration to calves. Domest. Anim. Endocrinol. 13:91–103.

Elsasser, T. H., J. L. Sartin, C. D. McMahon, G. Romo, R. Fayer,
S. Kahl, and B. Blagburn. 1998. Changes in somatotropic axis
response and body composition during growth hormone adminis-
tration in progressive cachectic parasitism. Domest. Anim. En-
docrinol. 15:239–256.

Gross, S. S., and M. S. Wolin. 1995. Nitric oxide: Pathophysiological
mechanisms. Ann. Rev. Physiol. 57:737–769.

Heath, H. L., B. L. Blagburn, T. H. Elsasser, D. G. Pugh, L. G.
Sanders, E. A. Sartin, B. Steele, and J. L. Sartin. 1997. Hormonal
modulation of the physiological responses of calves infected with
Eimeria bovis. Amer. J. Vet. Res. 58:891–896.

Hibbs, Jr., J. B., C. Westenfelder, R. Taintor, Z. Vavrin, C. Kablitz,
R. L. Baranowski, J. H. Ward, R. L. Menlove, M. P. McMurry,
and J. P. Kushner. 1992. Evidence for cytokine-inducible nitric
oxide synthesis from L-arginine in patients receiving interleu-
kin-2 therapy. J. Clin. Invest. 89:867–877.

Kahl, S., T. H. Elsasser, and J. W. Blum. 1997. Nutritional regulation
of plasma tumor necrosis factor and plasma and urinary nitrite/
nitrate responses to endotoxin in cattle. Proc. Soc. Exp. Biol.
Med. 215:370–376.

Kenison, D. C., T. H. Elsasser, and R. Fayer. 1991. Tumor necrosis
factor as a potential mediator of acute metabolic and hormonal



Reproductive steroid modulation of proinflammatory cascade 1551

responses to endotoxemia in cattle. Amer. J. Vet. Res.
52:1320–1326.

Le, W. D., L. V. Colom, W. J. Xie, R. G. Smith, M. Alexianu, and S.
H. Appel. 1995. Cell death induced by amyloid 1-40 in MES 23.5
hybrid clone: The role of nitric oxide and NMDA-gated channel
activation leading to apoptosis. Brain Res 686:49–60.

McCruden, A. B., and W. H. Stimson. 1994. Effects of estrogens/
androgens on the immune response. Pages 36–50 in Bilateral
Communication Between the Endocrine and Immune Systems.
C. J. Grossman, ed. Springer-Verlag, New York.

McMahon, C. D., T. H. Elsasser, D. R. Gunter, L. G. Sanders, B. P.
Steele, and J. L. Sartin. 1998. Estradiol/progesterone implants
increase food intake, reduce hyperglycemia and increase insulin
resistance in endotoxic steers. J. Endocrinol. 159:469–478.

Miller, L., E. W. Alley, W. J. Murphy, S. W. Russell, and J. S. Hunt.
1996. Progesterone inhibits nitric oxide synthase gene expres-
sion and nitric oxide production in murine macrophages. J. Leu-
kocyte Biol. 59:442–450.

Rumsey, T. S., A. C. Hammond, and J. P. McMurtry. 1992. Response
to reimplanting beef steers with estradiol benzoate and proges-
terone: Performance, implant absorption pattern, and thyroxine
status. J. Anim. Sci. 70:995–1001.

Santak, B., P. Radermacher, T. Iber, J. Adler, U. Wachter, D. Vassilev,
M. Georgieff, and J. Vogt. 1997. In Vivo quantification of endo-
toxin-induced nitric oxide production in pigs from Na15NO3-infu-
sion. Br. J. Pharmacol. 122:1605–1610.

Sartin, J. L., T. H. Elsasser, D. R. Gunter, and C. D. McMahon. 1998.
Endocrine modulation of physiological responses to catabolic
disease. Domes. Anim. Endocrinol. 15:423–429.

Sartin, J. L, M. A. Shores, D. D. Schwartz, R. J. Kemppainen, and
J. Baker. 2000. Reduced growth of calves and its reversal by
use of anabolic agents. Domes. Anim. Endocrinol. 19:85–92.

Shaffer, J. E., and K. U. Malik. 1982. Enhancement of prostaglandin
output during activation of beta-1 adrenoceptors in the isolated
rabbit heart. J. Pharmacol. Exp. Ther. 223:729–735.

Thompson, K., E. S. Coleman, A. Hudmon, R. J. Kemppainen, E.
Soyoola, and J. L. Sartin. 1995. Effects of short-term cortisol
infusion on growth hormone-releasing hormone stimulation of
growth hormone release in sheep. Amer. J. Vet. Res. 56:1228–
1231.

Ziegler, T. R., C. Gatzen, and D. W. Wilmore. 1994. Strategies for
attenuating protein-catabolic responses in the critically ill. Ann.
Rev. Med. 45:459–480.


